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Chapter V-4
Beach Fill Design

V-4-1. Engineering Aspects of Beach-Fill Design
a. Project objectives.

(1) The primary function of a Federal beach nourishment project is to provide improved protection to
upland structures and infrastructure from the effects of storms. Figure V-4-1 shows how storms damage
upland property. The top panel shows the beach under normal wave and water level conditions. The letters
mhw and mlw denote the mean high and low water lines, respectively, which represent the normal range of
tidally-induced water level fluctuations. The elevation of the natural beach berm is above the normal high
tide elevation. Under nonstorm conditions, breaking waves are confined to the seaward face of the berm.
The berm and dune act as a protective buffer between upland structures and the water and waves. Sites with
little or no sand buffer are candidates for shore protection projects. The middle panel shows the beach during
a storm. The water level is elevated above the normal range. This exposes higher beach elevations to the
action of breaking waves, which erode the berm and transport the sand offshore and along the beach. Sand
moved offshore during the storm continues to aid in dissipating wave energy; it often forms a shore-parallel
bar system. In this panel, a scarp forms on the seaward face of the dune, but the dune remains relatively intact
and protects the structures behind it. Had there been no dune, or a much narrower berm, the structure may
have been damaged as shown in the bottom panel. The lower panel shows a more severe condition, in which
even higher water levels and wave action have completely eroded the dune. Some of the dune material is
transported offshore. Some is transported onshore and deposited as a result of wave runup and overwash
processes. The exposed structure is subject to damage by undermining, flooding, and by waves breaking
directly on it.

(2) A beach nourishment project typically involves constructing a wider beach and/or more substantial
dune to reduce storm damage relative to the level of damage that would have resulted without the project. The
level of storm protection provided by a nourishment project is not an absolute measure due to the
uncertainties in the frequency of high intensity storms. There is always some chance, or risk, that a storm will
cause property damage even with the project in place. The level of protection, reduced in the aftermath of
a major storm, will remain compromised if proper poststorm maintenance is not performed. The level of
protection will also be compromised if scheduled periodic renourishment, which is usually a key element of
the design, is not performed when needed.

(3) The wider beach created through construction of a nourishment project also provides recreational
benefits. Enhanced recreational opportunity can also be a project objective.

b. Project features. Beach nourishment projects typically involve construction of one or several of the
following features: berm, dune, feeder beach, nearshore berm, dune stabilization (i.e., sand fences or
vegetation), or structural stabilization (i.e., groins). There are also several aspects of a beach nourishment
project that specifically address the future integrity of the dune/berm. These include: periodic renourishment,
advance nourishment, and emergency maintenance. These project features are discussed in more detail in
the following paragraphs.

(1) Beach berm.
(a) The beach berm is the primary feature of most beach nourishment projects. Most beaches have a

natural berm or berms. The lowest berm closest to the water is formed by the uprush of wave action during
the ordinary range of water-level fluctuations. Sometimes, several berms will be noticeable at slightly higher
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Figure V-4-1. Schematic diagram of storm wave attack on a beach, dune, and upland structures

elevations on the beach. These were formed during previous storms and are either remnant scarps left behind
as a result of erosion of the lower berm or as a result of deposits left from wave uprush during higher-than-
normal water levels associated with storms. Beaches that are in a severely eroded condition might have little
or no berm at high tide.

(b) A nourishment project usually involves widening the beach (i.e., translating it seaward) to create a
wider sand buffer for dissipating storm wave energy. The amount of additional width is determined based
on the desired level of storm protection, the persistent long-term erosional trends that characterize the project
area, and the target renourishment interval. The design berm width is determined through an iterative process
that evaluates economic benefits as a function of width. The elevation of the constructed berm is usually set
at the same elevation as the natural berm, or slightly higher. If the berm is constructed at an elevation lower
than the natural berm crest, a ridge will form along the seaward edge of the fill. Wave uprush during higher
water will overtop the ridge, causing temporary undesirable ponding on the beach until the berm elevation
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increases naturally. Ifthe berm is constructed to an elevation that is much higher than the natural berm crest,
an undesirable persistent scarp may form along the shoreline.

(¢) For practical and economic reasons, during the construction of the beach berm, the total fill volume
required to advance the berm to the desired width is placed on the visible portion of the beach. This
construction method, sometimes referred to as the “over-building” method, enables the economic use of
standard earth-moving equipment for the distribution of the fill and minimizes relocation of the discharge
point. The method also enables effective verification that the sectional fill volume (design fill volume per
unit length of shoreline) has been placed on the beach by the contractor using standard land-based survey
techniques. The result of this construction technique is a beach berm that is initially considerably wider than
the target design width. Postconstruction berm widths are often two to three times wider than the target
design width. Design specifications required a 30-m (100-ft) design berm width in the northern New Jersey
beach nourishment project while postconstruction surveys indicated constructed berm widths of 60 to 90 m
(200 to 300 ft) and along some survey lines berm widths approaching 120 m (400 ft) were measured. While
recognized by project designers, lay persons are often unaware that the initial overbuilt berm is a temporary
condition. Consequently, they incorrectly judge the project as a failure when the beach berm adjusts
dramatically landward immediately after construction, especially during the first storm season. For this
reason, it is important that public outreach programs include easy-to-understand information concerning the
expected remolding of the fill material after initial construction. Figure V-4-2 provides a schematic
illustration of the preproject beach profile, the post-construction over-built beach berm, and the expected
design berm after cross-shore equilibration.

(2) Dune.

(a) Sand dunes are an important protective feature. Naturally occurring dune ridges along the coast
prevent storm tides, wave runup, and overtopping from directly damaging oceanfront structures and flooding
interior areas. Dune features of beach nourishment projects are intended to function in the same way. A
beach nourishment project may involve either reinforcing an existing natural dune by adding elevation and/or
cross-sectional area, or constructing a dune where none existed beforechand. Dunes also provide a small
reservoir of sand for nourishing the beach during severe storms. However, after the storm, maintenance is
required to rebuild the dune because natural dune rebuilding occurs at a much slower rate than natural berm
rebuilding.

(b) During hurricanes and very severe northeasters, substantial sections of dune can disappear. This is
caused by offshore transport of dune material into the surf zone and by beach and dune sediments being swept
landward by wave uprush and overtopping. In the case of overtopped barrier islands, flooding from ocean-
side storm surges and waves and/or return flow of water from flooded bays can erode enough sand to cut
shallow channels, or breaches, through the island. Occasionally, the channels will evolve into new inlets.
Areas most prone to breaching are those where the barrier island is narrow and the dunes are lowest or
nonexistent. The crest elevations of natural dunes often varies considerably, and nature tends to erode the
low spots first. Dunes and berms built as part of a nourishment project can reduce the potential for barrier
island breaching because a relatively uniform dune elevation eliminates the low spots where breaches are
most likely to form.

(¢) Dune growth can be promoted and the dune structure can be made more resistant to erosion if suitable
vegetation can be grown on the dunes for an adequate length of time to establish an extensive root system.
It generally takes 2 to 5 years for beach grass to establish a healthy root system, and up to 10 years before
the maximum resistance to erosion and breaching is obtained. An active grass fertilization and

Beach Fill Design V-4-3
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Figure V-4-2. Schematic illustration of preproject, postconstruction, and design profile

maintenance program can greatly enhance the survival and effectiveness of beach grass. Part V-4-1-i
provides more detailed information on dune stabilization.

(d) Preliminary estimates of dune height, width, and side slope for a beach nourishment project can be
made based on characteristics of natural dunes in the vicinity of the project. To be most effective, the crest
height of the dune should be above the limit of wave runup for the types of storms for which protection is
sought, and the beach berm in front of the dune must be of sufficient width to withstand the erosion associated
with these types of storms. If the berm in front of the dune is too narrow, the dune can quickly erode, even
for relatively frequent storms, and the benefits of the higher dune elevations will be lost. The design dune
height and width (along with the width of the berm) are usually selected based on results of an iterative
process in which the benefits are compared with the cost of each configuration. Part V-4-1-f provides more
detail on the dune/berm design process. Sometimes other factors such as real estate acquisition issues or
aesthetics are factored into the selection of dune crest elevation and width.

(3) Nearshore berm. Beach-fill projects are usually constructed via direct placement of sand on the
beach. Sometimes, in an effort to reduce cost, or because of limits in available dredge equipment, or in
response to concerns with direct placement of fill material on the beach, material is placed offshore in an
underwater berm (i.e., bar). Nearshore berm creation is intended to simulate storm bar formation by creating
an artificial shore-parallel bar to dissipate storm wave energy before impacting the beach. If the berm is

V-4-4 Beach Fill Design
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placed shallower than the depth of closure (see Part I11-3-3-b), it is expected that with time, the material will
move onshore, eventually becoming part of the beach berm and beach face system. The material placed in
the nearshore berm, however, does not provide direct shore protection to the upland, and prototype experience
with the practice has met with mixed results and uncertain net benefit.

(4) Feeder beach. Beach-fill projects usually involve placement of a berm along a finite length of
shoreline. Sometimes, beach nourishment projects include the creation of a feeder beach, in which fill
material is introduced at the updrift end of the area intended to receive the fill. Then, longshore transport
distributes the fill to the rest of the project area. Feeder beaches work best in areas that serve as a source of
littoral material for downdrift beaches, in areas that are presently experiencing a deficit in the supply of
littoral material and have unusually high loss rates, and in areas where the net longshore transport direction
is predictable and the net transport rate is “strong” (i.e., longshore sand transport in one direction greatly
exceeds the transport in the other direction). Candidate sites for feeder beaches include areas immediately
downdrift from inlets or other manmade structures that form a littoral barrier or in areas that have been
identified as erosional “hot spots.” As the feeder material spreads under the influence of waves, the
orientation of the feeder beach shoreline approaches that of the adjacent beach, resulting in longshore
transport out of the feeder area equal to the transport along the adjacent area. Eventually, the shoreline
orientation in the feeder beach area will return to its original configuration. Protection provided by feeder
beaches will not have the same degree of alongshore uniformity as that provided by placing fill in a
prescribed manner throughout the project area.

(5) Structures in conjunction with beach nourishment. Structures can enhance the performance of a
beach nourishment project. Figure V-4-3 shows several such examples. When the project is relatively short
in length, or significantly affected by an inlet, it may be desirable to limit alongshore losses through the use
of a terminal structure or structures (Figures V-4-3a and V-4-3b show examples). Another use of structures
is to place them in the interior of the nourishment project, with the intent of increasing project longevity
(Figure V-4-3¢) by reducing the longshore sand transport rate and minimizing end losses. Structures can also
be used locally within a project to maintain the desired level of protection. For example, structures may be
used to compartmentalize and stabilize a beach in anticipation of, or in response to, an area of unusually high
volume losses (i.e., presence of a hotspot). Whenever structures are used, their potential updrift and
downdrift impacts should be assessed. It is important to note that structures do not create sand, they only
control its movement. If structures are built without adding beach fill, then sand may accumulate at one
location at the expense of erosion at another area. As a general rule, compartments between structures, and
the beach immediately updrift and/or downdrift of the structures, should be filled with sand to minimize
adverse effects on adjacent beaches. Potential adverse effects of a groin field can be minimized by tapering
the lengths of groins at the end of the groin field (see Figure V-4-3¢), and adding sand on the downdrift side
of the project. Part V-4-1-i provides additional information about the functional design of structures used in
conjunction with beach fill projects. Part VI presents information on the structural design aspects of coastal
structures.

¢. Define regional setting and site history. To maximize a beach nourishment project’s effectiveness,
it is important to understand the project’s physical setting. The term “setting” encompasses local- and
regional-scale coastal processes, the geology, and infrastructure that characterize the site and surrounding
area. Part V-3 provides a general discussion of site characterization for all coastal projects. The following
sections focus on those aspects that are most pertinent to engineering design of beach nourishment projects.
A beach fill project can be a significant perturbation to the coastal system, and project performance is directly
related to its interaction with its surroundings. The following are a few questions regarding project setting
that should be answered at the beginning of the design process: In what type of littoral system, or littoral cell,
will the project be constructed?

Beach Fill Design V-4-5
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Figure V-4-3. Use of groin structures to enhance beach nourishment projects

What is the extent of the littoral cell, and where within the cell will the project reside? What are the important
coastal processes that characterize the littoral cell and the project site? The answers to these questions will

influence how a project is designed, how it performs, and what if any impacts it may have on adjacent
beaches.

(1) Site location within littoral cell. The location of the project within a littoral cell has great influence
on all aspects of a beach nourishment project, from understanding the underlying coastal processes at work,
to determining the design concept that might be most effective, to the choice of methods and tools used in
the design process. For example, will the project be constructed well within the interior of a littoral cell, miles
from the inlets that serve as boundaries of the cell, or will it be built immediately downdrift of an inlet
stabilization structure, or along the throat of an unstructured inlet? Sand transport by tidal currents, wave
refraction over complex bathymetry, and wave-current interaction may not be important design issues in the
former case whereas these processes may be critical in designing an effective project in the latter. In the
former case, the project may experience beach recovery following a storm, where much of the sand moved
offshore into a storm bar, migrates back onto the shore face with little net loss of sand. In the latter case, sand
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moved offshore can be swept into tidal channels, carried away by currents into the inlet’s shoals, and not
return to the beach face. This will result in a significant permanent loss of sand. Different design concepts
may be utilized in each of these two cases. In the former case, beach fill alone may meet the design
requirements. In the latter, structures such as T-groins, may be needed to improve beach-fill retention.
Different design methods may be utilized in each case. The former case may lend itself to simple analytical
design tools, whereas the latter case may require more sophisticated physical or numerical modeling to aid
in the design.

(2) Pathways of sediment movement.

(a) Because beach nourishment projects involve placing additional sand into the littoral system, project
design is greatly aided by knowing how sand presently moves within the project domain and the littoral cell
that is the setting for the project. Specifically, the following pieces of information are valuable: knowledge
of the quantities of sand that presently enter and leave the littoral cell, where the sand enters and leaves, and
what quantity moves through the project site. The more information known about the movement of sand the
better, although this “picture” can be difficult to develop, especially for project sites with sparse data.
Estimates of these quantities are often developed through formulation of a sand budget for the littoral cell and
project domain. Parts IV and VI discuss development of a sediment budget. The following are types of
questions regarding pathways and quantities of sand movement that might be important to the design of the
project. If a project is to be constructed within a littoral cell flanked by inlets, are the inlets bypassing sand
into the cell? If so, how much is bypassed? Are structures present that might be blocking (partially or
completely) the flux of sand into the site from adjacent beaches? Is the project site located on a convex
stretch of the barrier island that may be undergoing persistent erosion, or is the site in an area that experiences
intermittent periods of erosion and accretion? Is the project to be located in a pocket beach flanked by
headlands, and are those headlands blocking longshore sand transport? Are there sources of sand within the
littoral cell, such as a river or lagoon, that might periodically discharge sediments to the beach system, or
bluffs behind the beach that might serve as a sediment source? Are there sinks within the littoral cell, such
as offshore canyons, impoundment fillets updrift of coastal structures, or loss of sand into an adjacent inlet
and its shoal system? The closer to inlets, the greater the chance that tidal currents will have an important
role in defining sediment pathways. It is important to gain an understanding of the littoral processes at work
in the region, including the magnitude and direction of longshore sand transport (net and gross transport
rates), sand sources and sinks, and the effects of existing coastal structures on the movement of sand. Parts
III-2 and I1I-3 address the subject of longshore and cross-shore sediment transport processes, respectively,
in greater detail.

(b) Historical and current charts, maps, and aerial photographs provide valuable information about the
regional setting for a project. They can be valuable data sets for characterizing littoral processes at a project
site, and aid in developing a sand budget. A persistent signature of impoundment at coastal structures over
several years provides evidence of predominant wave direction and net longshore sand transport direction.
Formation and evolution of spits, or migration paths of submerged relic ebb tidal shoals, can provide the same
information. Noticeable changes in shoreline orientation and curvature, or persistent changes in bathymetric
contour orientation may indicate gradients in longshore sand transport rates or a change in net transport
direction. Shoreline positions that are accurately digitized from properly rectified aerial photos and/or charts
provide information for identifying current and past erosional and accretional areas, and for calculating
shoreline change rates. Calculated change rates can be used to estimate changes in sand volumes along
different portions of the beach. Nautical charts and bathymetric surveys show the presence of canyons and
proximity of the canyons to the shore, tidal channels, shoals, other morphologic features, and changes in these
features through time. Controlled bathymetric surveys (relative to common horizontal and vertical datums)
can be analyzed to determine volume changes for use in formulating a sand budget.
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(3) Beach topography.

(a) The shape of the beach, above and below water, sheds light on the coastal processes that are at work
at the project site. Beach shape also is an important factor in determining the quantity of beach nourishment
material needed. The existing beach profile shape seaward of the natural berm crest can be a good indicator
of the expected postnourishment beach shape, provided the sand to be placed has similar grain size
characteristics as the native beach and there are no coastal structures or other features that are controlling the
shape of the beach. One situation where the present profile shape may not be a good indicator of the
postconstruction shape would be a beach that is heavily seawalled or reveted, with little to no dry beach in
front of the structure at high tide. In this instance, the present beach shape might be unnatural (overly steep)
due to the loss of a sand supply at the shoreline (i.e., the beach profile is very much starved of sand).
Proximity to a tidal channel or a coastal structure may also produce an “unnatural” beach profile shape,
compared to the shape that might exist for the same sediment characteristics but located away from the inlet
or coastal structure. Also, if the material to be placed has grain size characteristics that are much different
than the native beach, then the present beach profile shape may not be a good indicator of the shape following
nourishment. Use of sand finer than the native sand will produce a beach with gentler slopes; use of coarser
material will result in a beach with steeper slopes.

(b) Dunes are also an important aspect of project setting. Dune elevation, continuity of the dune “line,”
position of the dunes relative to the shoreline, and volume of sand in the dune above the natural berm crest
elevation are important factors in determining the existing level of protection to property and infrastructure.
Well-established vegetated dunes are usually a sign of a healthy beach system. A scarped dune, evidence
of regular overwash, or no dune at all indicate an area vulnerable to storm damage. Beach profile surveys,
or fully 3-D bathymetric and topographic surveys acquired by lidar systems such as systems such as
SHOALS, can effectively characterize the beach/dune system as well as submerged morphologic features.
Analysis of well-controlled beach profiles (relative to consistent horizontal and vertical datums) can provide
volume change information for use in developing a sand budget, selecting design profiles for the nourishment
project, and estimating the required amount of nourishment material.

(4) Sediment characteristics.

(a) Information about the grain size characteristics of the native beach material can shed light on the
coastal processes at work. Systematic variations in median grain diameter along the beach, or evidence of
natural tracers in the sand, may suggest the direction of net longshore transport. Grain size characteristics
are a critical design parameter. Most often, sand with grain size characteristics similar to those of the native
beach is sought as beach-fill. This is done to maximize compatibility with the existing beach system.
Indirectly, selecting compatible material also maximizes the accuracy of predictions of future project
performance, which is often based on past observations of the native beach response. Occasionally, fills are
designed using material with different size properties because of limitations on sand availability and the cost
to transport it to the project site. Sometimes the choice of a nourishment material with different
characteristics is made to satisfy a particular design objective, such as use of coarser-grained fill material to
improve resistance to erosion.

(b) Grain size characteristics are quantified based on a sieve analyses of samples which are collected
throughout the project domain. Those samples acquired on the profile between the berm crest (or mean high
water line) and a water depth corresponding to the position of the typical storm bar should be used to
characterize native beach sand for the purpose of assessing the compatibility of sand from potential borrow
sources. Compatibility of borrow and native beach material is primarily based on grain size characteristics,
and to a lesser extent on color. Part V-4-1-e discusses sediment characterization and compatibility of fill in
more detail.
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(5) Wave and water level climate.

(a) The wave and water level conditions at the project site represent the major forces that shape the
beach, and determine both the longer-term lateral spreading of material comprising the beach nourishment
project and the short-term response of the project to storms. Exposure of the project site to wave energy from
various directions determines the predominant longshore sand transport rate and direction. Offshore islands
or coastal structures, peninsulas, or adjacent land masses may partially or completely shelter the project site
from certain waves. The presence of these features modifies the energy, frequency, and directional
characteristics of the incident waves that approach the site from deeper water. The presence of submerged
offshore shoals, reef outcroppings, shore-attached shoals, or depressions (in general, any irregular
bathymetry), also can have a significant persistent influence on local wave transformation and the longshore
sand transport regime created by the incident breaking waves. It is important to assess the degree in which
the wave climate varies from one end of the project to the other. Persistent variations in wave conditions of
5 to 10 percent can create significant local differences in project performance.

(b) There are several time scales of importance with regard to wave climate. The design life of a beach
nourishment project is usually tens of years. Periodic renourishment is typically done every 3 to 5 years.
There is evidence of cyclical patterns in weather (e.g., E1 Nino) that vary on the order of years, which would
tend to produce wave climate patterns having similar multiple-year cycles. Annual changes in weather, and
annual variations in the frequency and intensity of storm activity create a longshore sand transport regime
that can vary considerably from year to year. Definition of the wave climate at these different time scales
helps in assessing long-term beach nourishment project performance, potential variation in performance from
one renourishment cycle to the next, and from year to year.

(c) Wave and water level conditions that accompany extratropical and tropical storms are also an
important aspect of project setting and project design. The time scale of these events is on the order of days.
Since most beach nourishment projects are justified based on storm protection benefits, it is important to
quantify the frequency and severity of storms that can impact the project site during its design life. Lower-
intensity storms typically erode the beach berm. More severe storms, particularly those with higher water
levels, can inundate the berm and focus direct wave attack on dunes and exposed upland property. The most
important storm parameter influencing beach and dune erosion is maximum water level, followed by wave
energy and storm duration.

(d) Hindcast wave and water level information, or data measured nearby, can be used to characterize the
wave and water level climate near the project site at the time scales of importance. Sometimes wave
information is available in deep water, and other methods must be used to “transform” the information to the
project site (e.g., to transform deepwater wave information past islands or very irregular bathymetry).
Part I1-2 discusses methods for developing wave climate information, including wave hindcasting. Part I1-3
discusses techniques for estimating nearshore waves, including wave transformation methods. Part I1-5
discusses methods for estimating water levels due to storms.

(6) Existing structures and infrastructure.

(a) How threatened are commercial and private structures, and infrastructure such as roads and utilities,
by storm waves and water levels? Formulation of a beach nourishment project often involves compiling an
inventory and description of the location of existing infrastructure and commercial and private properties to
assess their vulnerability. The properties are valued to aid in quantifying the benefits that accrue from
construction of a beach nourishment project. Are there structures that protrude beyond the predominant
shoreline position? If so, it may be difficult and not cost-effective to provide a lasting beach having the
design width in front of those structures. Attempting to do so may result in a persistent apparent erosional
“hot-spot” in these locations. Aerial photos provide a good source of information for describing the
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characteristics of infrastructure and property, and the positions of structures relative to the present shoreline.
Historical surveys or charts are useful in determining the degree to which existing infrastructure encroaches
upon, or is seaward of, the historical beach location. Ground inspections and photos also can be used to
characterize the condition and value of structures.

(b) The presence of existing coastal structures, and their characteristics, are also important parameters.
What measures are already in place to provide protection to structures (e.g., seawalls and revetments), and
what is the condition and effectiveness of those structures? Structures that alter or block the alongshore
movement of sand, such as groins, detached breakwaters, or artificial headlands influence the pathways of
sand movement at the site. Crest elevation, composition, and condition of groins, revetments, and seawalls
determine the structures’ functional effectiveness. The “signature” of impoundment adjacent to groins, or
lack thereof, can be an indicator of groin functionality. Aerial and ground photos can be used to characterize
the condition and effectiveness of existing coastal structures. Engineering drawings that show the subsurface
characteristics of the structures, including any toe protection, in concert with present beach profile surveys,
can be used to characterize the vulnerability of revetments and seawalls to damage caused by recession of
the beach during storms.

(7) Prior engineering activities.

(a) Usually, areas being considered for a beach nourishment project have experienced problematic
erosion for some time. Often, there is a record of previous studies and perhaps a record of past engineering
activities at the site. This information can shed light on what may or may not work in the future, and why;
and aid in designing a nourishment project. For example, records of past beach-fill activities can provide
information about expected fill longevity and net longshore transport rates. Historical records documenting
impoundment at groins can provide information about net longshore sand transport rates. Dredging and
placement records are vital information in the development of a sand budget. The record of past engineering
activities may also help explain a particular beach response that has been observed. Compiling a complete
chronology and record of past engineering activities can prove to be a very valuable design aid.

(b) This section briefly highlighted some of the more important aspects of project setting and site
characterization and history, and how they relate to design of beach nourishment projects. Subsequent
sections provide more detailed information about how these factors enter into the design process.

d. Reach delineation.

(1) Inaddition to the setting for a beach nourishment project and its design features, an equally important
design issue is delineation of sections of coast along which a project is to be constructed. Project economics
is often a controlling factor in the process of reach delineation. The values of property and infrastructure
assets fronting the beach and benefits gained by providing storm-damage reduction enter in assigning bounds
ofaprojectreach or subreaches. Project boundaries may be determined by limits of political jurisdiction such
as municipal or state boundaries, or may coincide with physical features such as inlets or headlands.
Environmental considerations and local preferences may also influence project boundaries.

(2) From an engineering perspective, reach delineation should be evaluated based on physical processes
controlling project response. For example, location and characteristics of project terminal boundaries may
be evaluated on the basis of fill retention within project bounds and project impacts on adjacent shorelines.
Where reaches terminate along the open coast, fill transitions may be used to reduce the rate of spreading
losses from project bounds. Transitions may be placed either within or outside project bounds based on
design objectives and/or constraints. A more detailed discussion of beach fill transitions is provided in Part
V-4-1-h. In cases where reaches terminate at shore-normal structures (e.g., groins and jetties), effects of
interrupting littoral drift on downdrift beaches should be assessed. Whether boundaries occur at structures
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or on the open coast, project reaches should be of sufficient length to minimize the effect of end losses on the
central portion of the project. Part V-4-1-g discusses design parameters and environmental processes that
affect project longevity. Economic analyses may identify several discontinuous subreaches within the project
main reach (e.g., where areas of development are separated by areas of undeveloped coast). In such cases,
a project may function more effectively by designing a single reach spanning both developed and
undeveloped sections to avoid multiple areas of end losses.

(3) Beach-fill projects have often employed a uniform design template, with constant berm width and
dune elevation, along the entire project. Under most circumstances, however, improved performance can be
achieved by modifying the design template along specific subreaches where longshore nonuniformity exists
in the without-project condition. For example, consider an existing condition where a particular
shore-fronting structure is positioned closer to the shoreline than adjacent structures. A design calling for a
uniform width of beach in front of all structures along the entire project reach will produce a planform
perturbation at the protruding structure, and will lead to an ongoing problem of accelerated recession in front
of the structure. In this case, a viable alternative may be to design a narrower berm in the area of the
protrusion with additional storm damage protection provided by higher dunes or protective structures such
as seawalls. Other cases where nonuniform design templates may be appropriate include presence of
erosional hot spots, changes in shoreline orientation, or nonuniform placement of shore protection structures
along the project reach. In design, a practical goal is to distribute the sand fill volume alongshore so as to
yield a more or less uniform shoreline location after initial equilibration of the placed fill. Care must be taken
in using a variable design template to avoid compromising project performance. For example, dunes placed
in front of a developed subreach to prevent overtopping and flooding may not be functional if lower dunes
or no dunes are placed on adjacent subreaches of undeveloped shore. In this case, storms could erode and
overtop the adjacent low dunes and flank the high dunes, resulting in flooding of the developed area.

e. Evaluate sediment sources.

(1) Borrow source types. Borrow sources for beach fill can be divided into four general categories:
terrestrial, backbarrier, offshore, and navigation channels. Each category has favorable and unfavorable
aspects; however, selection of an optimum borrow source depends more on individual site characteristics
relative to project requirements than type of source. The single most important borrow material characteristic
is the sediment grain size.

(a) Terrestrial sources. Terrestrial sources of beach-fill material can be found in many coastal areas.
Ancient fluvial and marine terrace and channel deposits, and certain glacial features such as eskers and
outwash plains often contain usable material. Because of their potential economic value, information on sand
and gravel deposits is often collected by state geological surveys. With this information, field investigations
can focus on a few likely sources, thus eliminating need for more general exploration. In some places,
commercial sand and gravel mining operations may provide suitable material for direct purchase. In their
absence, it would be necessary to locate a suitable deposit and set up a borrow operation specifically for the
project. Use of terrestrial borrow sites usually involves lower costs for mobilization-demobilization
operations and plant rental, and less weather-related downtime than the use of a submerged borrow source.
However, the production capacity of terrestrial borrow operations is comparatively low, and haul distances
may be long. Thus, costs per unit volume of placed material may exceed those from alternate submerged
sites. In general, terrestrial borrow sources are most advantageous for projects where exploration and
mobilization-demobilization costs, relative to the cost of fill, are a large part of overall expense of the
operation. Unfavorable aspects of terrestrial borrow sources are typically related to adverse secondary
impacts caused by mining and overland transport. Compared to hydraulic placement, mechanical (dump
truck) placement of fill additionally results in practical limits in fill volume, and fill placement is mostly
limited to the dry and intertidal beach. Consequently, more rapid equilibration and recession of the placed
fill is experienced.
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(b) Backbarrier sources. Sediment deposits in the backbarrier marsh, tidal creek, bay, estuary, and
lagoon environments behind barrier islands and spits have been used in the past for beach fill. They are an
attractive source because they are protected from ocean waves and are often close enough to the project beach
to allow direct transfer of the material by pipeline. This eliminates the need for separate transport and transfer
operations. However, most backbarrier sediments are too fine-grained to use as beach fill. In addition, many
backbarrier areas are highly important elements in the coastal ecosystem and are sensitive to disturbance and
alteration by dredging. Material in backbarrier sediments coarse enough for beach fill is generally confined
to overwash deposits and flood tidal shoals associated with active or relic inlets. Overwash deposits occur
on the landward margin of the barrier where storm waves have carried beach and dune sediments across the
island or spit. Flood tidal shoals occur inshore of tidal inlets and consist of sediment transported by tidal
currents flowing in and out of the inlet. These sediments are usually derived from littoral drift from adjacent
beaches. Overwash deposits and relict flood tidal shoals may be ecologically important because they may
provide suitable substrate for marsh growth. In addition, on retreating barriers, they may comprise a reserve
of sand that will be recycled into the active beach deposits as retreat progresses. Flood tidal shoals at an
active inlet may be suitable for borrow sites because the material removed is likely to be replaced by ongoing
inlet processes. However, dredging material from active flood tidal shoals can adversely alter both the
hydraulic conditions in the inlet and wave action on adjacent shores. A study of the hydraulic effects should
be made prior to dredging flood-tidal shoals.

(c) Harbors, navigation channels, and waterways. Creation of harbors, navigation channels, and
waterways, and deepening or maintenance dredging of existing navigation projects often requires the
excavation and disposal of large volumes of sediment. In some cases, where the dredged sediment is of
suitable quality, it can be used as fill on nearby beaches rather than placing it in offshore, upland, or contained
disposal sites. Operations of this type are economically attractive because dual benefits are realized at
considerably less cost than if both operations were carried out separately.

* Maintenance dredging of projects in low energy environments such as estuaries or protected bays is
least likely to produce suitable beach-fill material. In such areas, the dredged material often consists
of clay, silt, and very fine sand. However, when dredging new harbors, channels or waterways, or
deepening existing channels in low energy areas, the dredge may cut into previously undisturbed
material of suitable characteristics.

* Dredged material from higher energy areas, such as rivers above tidewater and open coast inlet
shoals, is often more acceptable for beach fill. On barrier coasts, inlets trap beach sediment that has
been carried to the inlet by littoral drift. Therefore, material dredged from inlets is typically similar
to the native material on the project beach. However, sediment compatibility tests should be
performed to determine its suitability for use as beach fill.

(d) Offshore sources. Investigations of potential offshore sources of beach-fill material under the Coastal
Engineering Research Center’s (CERC’s), Inner Continental Shelf Sediments Study (ICONS), by the USACE
Districts and others (i.e., Bodge and Rosen (1988)), indicate that large deposits of suitable material often
occur in offshore deposits. Data from the Atlantic coast show that the most common suitable sources are in
ebb tidal shoals off inlets, and in linear and cape-associated shoals on the inner continental shelf, such as
those shown in Figure V-4-4. Potential sources on the inner shelf have also been identified in submerged
glaciofluvial features, relic stream channels, and featureless sheet-type deposits.
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Figure V-4-4. Cape-associated inner continental shelf shoals off Cape Canaveral, Florida (Field and Duane 1974)

»  Offshore deposits can be excavated by dredges designed to operate in the open sea. When borrow
material is obtained by dredges, it is typically either pumped directly to the beach via pipelines or,
in the case of self-propelled hopper dredges with pumpout capability, transported to the shore and
pumped onto the beach. Hopper dredges are typically more cost-effective for borrow areas located
more than a few kilometers from the project site. These dredges practically require a borrow area
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with at least one long dimension that allows the hopper vessel to transit the site; i.e., on the order of
at least 1.5 km (5,000 ft). In some cases, the dredged material is taken to a rehandle site and
offloaded, then transferred to the beach by hydraulic pipeline or truck haul.

*  An alternate placement method is to dump material in a nearshore berm as close as possible to the
project beach, in water depths shallower than the depth of closure, where it will possibly be moved
ashore by wave action. Experiments in offshore dumping near New River Inlet, NC, in 1.82 to 3.65-
m- (6- to 12-ft) depth, resulted in a general onshore and lateral migration of fill material (Schwartz
and Musialowski 1980). Placing material in water this shallow requires special equipment such as
split hull barges, dredges, or other equipment to cast the material shoreward.

»  Offshoreborrow sources have several favorable features. Suitable deposits can often be located close
to the project area. Offshore deposits, particularly linear and cape-associated shoals usually contain
large volumes of sediment with uniform characteristics and little or no silt or clay. Large dredges
with high production rates can be used. Environmental effects can be kept at acceptable levels with
proper planning.

* An unfavorable aspect of offshore borrow operations is the necessity of operating under open sea
conditions. Restrictions on the placement of fill material on beaches during the sea turtle nesting
season often requires dredging during the winter, when wave energy is highest. In more protected
places, such as backbarrier or otherwise sheltered sources, less seaworthy dredging plant can be used.
Dredges capable of working in open sea conditions generally have higher rental and operating costs,
although this may be offset by greater production capacity.

» Evaluation of offshore sources should also consider the possible effect of dredging a borrow area on
littoral processes along and adjacent to the project area. This analysis should include the use of a
numerical wave transformation model and the calculation of longshore sand transport rates and
transport rate gradients. Nearshore transformation of a project area’s principal incident wave
conditions over the pre- and postdredging bathymetry should be simulated. The incipient breaking
wave conditions and littoral transport potential alongshore, leeward of the borrow area, should be
compared between conditions. The proposed limits or geometry of the borrow area may require
alteration to avoid unintended concentrations of wave energy, or alongshore transport gradients,
produced by the excavated topography. Additionally, borrow areas near the shoreline or inlet shoals
may result in accelerated transport of sediment from the beach to the dredged borrow area. In
general, where practicable, borrow areas should be sited in water depths greater than the estimated
depth of closure (a rough rule of thumb would be twice as deep).

» Insome cases, the original relief maybe restored by natural processes over time. This is more likely
to occur in active features such as inlet shoals than in relic features, or on ones that are active only
during intense storms. Because the depth of closure is well inshore of offshore relic sand borrow
sites, these borrow pits usually fill in with fine-grained material that is not suitable for beach fill.
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(e) Environmental factors. In general, environmental effects of borrow operations can be made
acceptable by careful site selection, and choice of equipment, technique and scheduling of operations.
Restoration of flora and fauna often takes place in a short time after operations (Stauble and Nelson 1984).
Alterations in physical features (the pit left behind after excavation) may, in some circumstances, be restored
by natural processes.

*  One effect of borrow operations is direct mortality of organisms due to the operation itself, and
destruction or modification of the natural habitat. Direct mortality of motile fauna, such as fish, is
usually not great because they move to other areas during the borrow operation. Sessile flora and
fauna cannot vacate the area; mortality of these organisms is therefore higher. However, they usually
are replaced by the reproduction of survivors or stocks in unaffected peripheral areas (Nelson 1985;
Johnson and Nelson 1985).

*  Another consideration is the destruction or modification of the habitat needed for survival of native
species. A common alteration is the exposure of a substrate that differs from the natural substrate
as a result of excavating overlying material. Many marine benthic, and some pelagic, organisms are
adapted to specific substrate conditions. Even though larvae of the native species reach the affected
area, they may not survive.

* In comparing borrow sites, it is necessary to consider whether or not natural substrate will be
modified by the planned operation. This depends on the thickness of the surficial layer and the depth
of excavation needed to produce sufficient fill. In many instances, where the layer of suitable fill
material is thin, an increase in the areal extent of the borrow area will allow excavation of sufficient
material without altering substrate conditions. While this alternative increases direct mortality, it will
preserve favorable conditions for repopulation of native organisms.

» In subaqueous areas, detrimental effects on native organisms, both within and near the borrow site,
may occur due to suspending silt and clay size material in the water column as a result of the
dredging operation. Deposits containing more than a small amount (generally taken as less than 10
percent by volume) of silt and clay are thus less desirable sources of fill from an environmental
standpoint. In addition, the fine fraction will be unstable in the beach environment.

(f) Utilization of bypassing/backpassing material. Consideration should be given to bypassing sand
across tidal inlets from accreted areas at updrift jetties and from ebb and flood deltas at inlets. Likewise,
back-passing of sand from a terminal downdrift jetty to an updrift beach-fill project should be evaluated as
a possible cost-effective sand recycling measure. Different types of sand transfer systems are discussed in
Richardson (1977). The effect of these measures on adjacent beaches must be evaluated.

(2) Borrow site exploration. A field exploration program to locate and characterize potential borrow
sources is usually necessary for offshore and backbarrier environments. For a detailed discussion of
procedures, see Prins (1980) and Meisburger (1990). In terrestrial areas, information on deposits is usually
available from state geological surveys. There may be existing commercial sand and gravel mining
operations. For existing navigation projects, or planned improvements, information on the dimensions and
characteristics of material to be dredged is usually available. Field exploration programs involve four phases:
a preliminary office study, general field exploration, detailed survey of the site, and characterization of
potential sites. The geographical area covered by these investigations is limited by the distance from the
project site that is within an economically feasible range for transportation of fill material. Borrow sources
within a few miles of the site should be considered initially. Sources farther away should be considered only
if no suitable sources are within this range.
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(a) Office study. The first phase of the exploration program is an office study of maps, charts, aerial
photographs, and literature sources concerning the survey area (Morang, Mossa, and Larson 1993). A study
of these materials provides general information on the geomorphology and geology of the area, and helps to
identify features that might contain potential fill material. The office study also involves laying out a plan
for the next phase, general field exploration of potential sources. Such a plan would include specification of
an exploratory field data collection program and definition of the equipment needed to execute the program.

* The most important equipment used for general field exploration and detailed site surveys are:
seismic reflection equipment, vibracore apparatus, navigation positioning system, and vessels. Grab
samples of surface sediments and side-scan sonar records are also valuable components of the general
exploration phase, and can usually be conducted for a relatively small additional cost. Prins (1980)
provides a detailed list of equipment and equipment capabilities recommended for use in general field
exploration operations. Seismic reflection equipment should provide the highest resolution possible,
consistent with achieving a subbottom penetration of at least 15 m (50 ft). High powered seismic
reflection systems used for many deep penetration studies are not suitable because of their relatively
poor resolution of closely spaced reflectors. Obtaining sediment cores using vibratory coring
equipment is more economical than standard soil boring methods, which require more expensive
support equipment. Vibratory coring equipment having 3-, 6-, and 12-m (10-, 20-, and 40-ft)
penetration capability is available. A 6-m coring device is necessary; a 12-m capability is desirable.
Navigation control should be established using an electronic navigation positioning system having
an accuracy of about 3 m (10 ft) at the maximum range anticipated for survey and coring operations.
Global Positioning Satellites (GPS) technology provides this type of accurate positioning.

* An important task of an office study is to lay out trackline plots, similar to those shown in
Figure V-4-5, that are to be followed by the survey vessel in collecting seismic reflection data during
the general reconnaissance phase. A grid pattern as illustrated in Figure V-4-6, having lines approxi-
mately (0.8 km (0.5 miles) apart, should be employed for areas that are judged to be the most viable
either because they are located near the project site or give promise of containing deposits of usable
fill material (Meisburger 1990). Zigzag lines are used to cover areas between grids. The detail of
coverage is determined by trackline spacing. More complex or promising areas may call for closer
spacing.

»  Core sites can be tentatively selected during the office study. However, final locations should be
determined based on analysis of the seismic reflection records.

(b) General field exploration. During the general field exploration program, data are collected
throughout the survey area to locate and obtain information on potential borrow sources and shallow
subbottom stratigraphy. This phase involves collection of a comprehensive set of seismic reflection profiles
to identify sediment bodies, and a small number of cores to identify and test potential borrow sources.

» The initial part of the general exploration phase is the collection of echosounder and seismic
reflection records along predetermined tracklines. The basic survey procedure is for the survey
vessel to proceed along each trackline, collecting data while its position is being monitored by an
electronic positioning system with fixes recorded at a minimum of 2-min intervals. Fixes are keyed
to the records by means of an event marker and identified by a serial fix number. Because seismic
reflection records tend to deteriorate in quality with increasing boat speed, the survey vessel’s speed
should be slow enough to avoid significant reduction in record quality. In general, a suitable boat
speed is likely to be less than 4 or 5 knots. The records should be continuously monitored as they
become available. Changes in trackline patterns, if considered desirable, can be made as work
progresses.
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Figure V-4-5. Reconnaissance zigzag line plot from the north Florida coast (from Meisburger and Field 1975)
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* Sediment core sites are usually selected after the seismic reflection survey, to allow time for
preliminary analysis of the records to determine the most prudent and informative core locations.

*  Cores should be examined as they are taken. Inspection of cores is often hampered by the presence
of silt and by scratching of the acrylic core liners. However, the top and bottom sediments can be
directly viewed before the core is capped. As work progresses, changes can be made in core
locations.

(¢) Detailed site survey. The third phase of borrow site exploration and investigation consists of a
detailed investigation of potential sites, which are selected on the basis of data collected during the general
exploration survey. If sufficient seismic reflection data were collected at potential sites during the general
exploration phase, the detailed site study may only require the collection of additional, more densely-spaced,
cores. Since few large sand bodies have uniform size characteristics, it is important to obtain a sufficient
number of cores and borings to accurately reflect the variations in size characteristics throughout the deposit.
The number of cores and spacing between cores should be determined based on a review of survey and
seismic data as well as other geological studies of the area. These values will vary throughout a borrow site,
and from one borrow site to another. But in most cases, collection of cores at less than 300-m (1000-ft)
nominal spacing is recommended for purposes of ultimately defining the borrow site(s) to be used in
construction. It is important to have adequate data for reliably defining the borrow site. Additional seismic
reflection data, if needed, should be collected at this time.

*  Sometimes the general and detailed field surveys are made in succeeding years so that ample time
is available to study results of the seismic reflection survey before coring is undertaken. However,
it is possible to complete the operation entirely in one season. This can be done by mobilizing both
geophysical and coring equipment early in the most favorable season, and allowing sufficient lag
time between the seismic work and the bulk of the coring work for thorough data analyses and
selection of core sites.

* Additional data collection is typically required to fully examine the selected borrow area or areas.
These additional data include: magnetometer survey to detect cultural resources of historical
significance (shipwrecks, etc.) and obstructions to dredging; archaeological-diver survey to
investigate magnetic anomalies; sidescan sonar survey to detect obstructions, hard-bottom, or other
environmental resources; detailed bathymetric survey suitable for preparation of construction
drawings; and benthic or other biologic surveys, if required, to assess the existing biotic resource.

(3) Borrow site characterization. Any beach erosion or shore protection study in which beach fill is
considered should include examination of all potential borrow sources and a comparative evaluation of their
suitability. The characteristics of potential borrow sources that are most important in evaluating suitability
are: location, accessibility, site morphology, stratigraphy, volume of material available, sediment
characteristics, geological history, environmental factors, and economic factors.

(a) Location. The distance that the material must be transported and the feasible means of transport have
a large influence on project costs and may be decisive in selecting the most suitable source. Location is also
important in terms of the surroundings. Use of terrestrial sources located in developed areas may have a
direct impact on the population by creating undesirable noise, traffic congestion, and spillage. Offshore
sources may involve questions of jurisdiction and be situated in areas where the dredging and transport
activities impede or endanger navigation.
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(b) Accessibility. In order to be usable, a borrow source must be accessible or made accessible for the
equipment needed to excavate and transport the material. Access to terrestrial deposits may involve road
construction or improvement of existing routes. Onsite reconnaissance is the best method of determining the
adequacy of access and any necessary improvements. A cost estimate of work needed to create accessibility
should be prepared and included in the economic analysis.

» In evaluating subaqueous deposits, one of the principal factors is water depth. To be accessible, the
deposit must lie in the depth range between the maximum depth to which the dredge can excavate
material, and the minimum depth to keep the dredge afloat when laden with fuel and/or sediment.
Subaqueous borrow sites should be located sufficiently far offshore and in deeper water so that
excavation does not induce adverse shoreline impacts by altering to the incident wave climate.

* Another aspect of accessibility is the presence of incompatible overburden above the usable
sediments. The composition, areal extent, and thickness of any overburden should be determined and
considered in the economic analysis (i.e., the cost to remove and dispose of it).

(c) Site morphology. Information on borrow site morphology is valuable in defining and evaluating site
characteristics. In many cases, the source deposit has surface morphological features that can be used to
delineate boundaries and to assist in interpolating between seismic and coring data points. In addition, site
morphology may provide indications of the origin and history of the deposit. Subsurface deposits such as
filled stream channels are more difficult to delineate because the only sources of data are seismic reflection
records, cores, and borings.

* Description of borrow site morphology should contain information on dimensions, relief,
configuration, and boundaries, and be illustrated by large-scale maps or charts. Information for
compiling the reports can usually be found in hydrographic survey data available from the National
Ocean Survey (NOS), National Oceanic and Atmospheric Administration (NOAA), for submerged
deposits, and in published U.S. Geological Survey (USGS) topographic maps for terrestrial sources.
Fathometer records, which should be made concurrently with the seismic reflection profiles, are
valuable for supplementing and updating other sources.

» In cases where the existing information is inadequate, a special detailed bathymetric survey of the
site should be made before the main field collection effort is undertaken.

(d) Site stratigraphy. The stratigraphic relationships within and peripheral to the site deposits should be
developed from the existing sources and the seismic and coring records to define: limits of the deposit;
thickness of usable material; thickness of any overburden; sedimentary structures, and sediment
characteristics of each definable bed. The detail and reliability of the stratigraphic analysis depends on the
complexity of the deposit, the number of outcrops, number of cores or borings available, and the degree to
which stratigraphic features are revealed by seismic reflection profiles.

» In terrestrial areas, outcrops of potentially useful materials may or may not be present. In many
cases, such deposits have no topographic expression and must be defined solely on the basis of
borings. Seismic refraction surveys in such situations are valuable in defining the areas between data
points. Seismic refraction techniques for subsurface exploration are covered in detail in Engineer
Manual 1110-1-1802, “Geophysical Exploration for Engineering and Environmental Investigations.”

* Insubmerged areas, site characteristics must be determined by a combination of bathymetric survey,

seismic reflection profiling, and sediment coring. It is important, in both seismic reflection and
refraction surveys, to collect enough cores or boring samples to identify and correlate the reflectors
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with reliable data on sediment properties, and to show significant boundaries that may not have been
recorded by the seismic systems.

(e) Volume available. Most beach-fill projects require thousands or millions of cubic meters of suitable
fill material. The volume in each potential source must be calculated to determine if a sufficient amount is
available to construct and maintain the project for its entire economic life (including initial construction, all
subsequent renourishment, and emergency maintenance). In order to do this, it is necessary to delineate the
lateral extent and thickness of the deposit. Boundaries may be defined by physical criteria or, in large
deposits, arbitrarily set to encompass ample material for the projected fill operation. The thickness of the
usable material can be determined from an analysis of site stratigraphy.

» Ifdeposits have a uniform thickness throughout, the available volume can be calculated by multiply-
ing their areas by their thicknesses. Many deposits such as shoals and filled stream channels have
more complex shapes, including sloping boundaries and variable thickness. To determine the volume
of these deposits, an isopach map of the deposit must be created. An isopach map is a contour map
showing the thickness of a deposit between two physical or arbitrary boundaries. Figure V-4-7
shows an isopach map of a borrow area used at Ocean City, Maryland. In this case, the upper
boundary of the deposit is defined by the surface of the shoal and can be delineated by bathymetric
data. The lower boundary was fixed at a level seismic reflection horizon passing beneath the shoal.
Contours, at 1.52-m (5-ft) intervals, were drawn for all the shoal area above the base reflector.
Measurements from this type of map can be used to calculate the volume. Commercially available
Geographical Information System (GIS) software with Digital Terrain Modeling (DTM) capabilities
is now routinely used to generate isopach maps and calculate available sediment volumes.

»  Computation of the source’s available volume must account for practical limitations of excavation.
Particularly for hydraulic dredging (excepting small suction dredge systems), sediment deposits less
than about 1-m (3-ft) thickness are impractical to specify. Buffers must be delineated between
suitable and nonsuitable sediments, which cannot be included in the source’s available volume.
These buffers vary with the site and the nature of the sediment strata, but they typically have a
minimum thickness of 0.3 m (1 ft) to 0.6 m (2 ft) in subaqueous sources. Buffer areas around
sensitive environmental or cultural resources, or around known obstructions, must also be excluded.
The size of these radial buffers depends upon the resource or obstruction to be avoided, but a typical
radius is 45 to 90 m (150 to 300 ft). Computation of the source’s volume must also be limited to
those areas or strata in which the sediment is known to be beach-compatible.

(f) Sediment composition. The physical properties of a sediment sample that are most important for
determination of suitability for fill on a project beach are composition and grain size distribution. The
desirable physical properties of beach-fill material are mechanical strength, resistance to abrasion, and
chemical stability.

* In most places, sand-sized sediment is predominantly composed of quartz particles with lesser
amounts of other minerals such as feldspar. Quartz has good mechanical strength, resistance to
abrasion, and chemical stability. In some deposits, particularly those of marine origin, there is a large
and sometimes dominant amount of calcium carbonate that is in most cases of organic origin
(biogenic). Calcium carbonate is more susceptible than quartz to breakage, abrasion, and chemical
dissolution; but, if it is not highly porous or hollow, it will make serviceable beach fill.
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V-4-7. Isopach map of a borrow area used at Ocean City, Maryland

Sediment composition can be determined by examining representative samples under a binocular
microscope. Samples should be prepared by thorough washing to remove fines and clean the surface
of the particles. If the material is not well sorted, it should be subdivided into sieve fractions for
analysis. A subdivision into the Wentworth classes (see Part I1I-1) for sand-sized and coarser
material is convenient for this purpose. The percentage of carbonate in the material can be estimated
by dissolving the carbonate fraction in multiple baths of hydrochloric acid with a subsequent sodium
hydroxide wash.

Sediment size characteristics. Generally, suitable material will have grain sizes predominantly in the

fine to very coarse sand size range. The presence of very fine sand, silt, and clay in small amounts (generally
less that 10 percent) is acceptable, but sources having a substantial amount of fines should be avoided if other
more suitable sources are available. When using a borrow area with higher silt or clay content, a large
amount of material must be handled to obtain the usable portion, thereby increasing costs. Also, the creation
of turbidity during excavation and placement on the beach is environmentally undesirable. However, in the
future, as sand resources become more scarce, sand separation may prove to be economically justified
depending on the volume of material required and the relative silt and clay content of the borrow site. Borrow
material presently discounted because of a comparatively high percentage of fines may become economically
viable sand sources in the future.

V-4-22

One of the main considerations in selecting a borrow source is the similarity between the grain size
distributions of the borrow material and the native beach, i.e., the borrow material’s compatibility
with the native material. To make this comparison, it is necessary to determine, for both native beach
and each potential borrow source, a composite grain size distribution representative of overall
textural properties. The method used to determine grain size characteristics for both the fill and
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borrow sites should be the same. Beach and borrow material should be analyzed with standard sieves
as described in Part III-1.

Native beach composite sediment statistics should be computed based on sieve analyses of samples
collected along cross-shore transects through the most active portion of the beach profile (see Part I11-
1 for information concerning sediment composite statistics). The most active portion is located
between the crest of the natural berm (immediately landward of the mean high waterline) and the
depth corresponding to the position of the typical storm bar. The composite statistics should be
developed for a number of cross-shore transects throughout the project domain. Grain size statistics
calculated from such a sampling scheme will account for most of the natural variability on the profile.
If cross-shore composites exhibit a wide range of median grain size and sorting values, an
alongshore composite should be calculated for the entire project domain to reduce the variability.

Borrow area composite statistics should be determined using grain size distributions computed for
samples taken from several cores within the potential borrow site. For general uniform cores,
samples should be collected from the top, middle, and bottom of useable sand within the core. The
composite characteristics of the borrow material should be weighted based on the estimated volume
of each type of material present in the deposit.

Figure V-4-8 shows a comparison between the native beach and borrow material used for
nourishment at Ocean City, Maryland. The shaded area represents common characteristics between
the native beach and fill material.
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Figure V-4-8. Comparison of composite grain size analysis between the native beach and the
borrow material used at Ocean City, Maryland
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(h) Sediment suitability. The grain-size distribution of the borrow material will affect the cross-shore
shape of the nourished beach profile, the rate at which fill material is eroded from the project, and how the
beach will respond to storms. Typically, borrow material will not exactly match the native beach (except
perhaps in some bypassing projects). An analysis is required to assess the compatibility of the borrow
material with the native beach, from a functional perspective. A comparative analysis of sand suitability is
also required to economically evaluate alternative borrow areas for a given project.

»  Early research into compatibility of borrow area material by Krumbein (1957), Krumbein and James
(1965), James (1974, 1975), and Dean (1974) addressed this issue by various comparative analysis
techniques that utilize the sand-size distributions of the natural beach in the fill area and the borrow
material in the candidate borrow sites. These approaches develop a factor, or parameter, indicating
how much fill material is required in light of the different sediment characteristics between the
borrow and native beach materials. They assume that borrow material placed on the beach will
undergo sorting as a result of the coastal processes; and given enough time, will approach the native
grain-size distribution. The portion of borrow material that does not match the native sediment grain-
size distribution is assumed to be lost to the offshore. James (1975) developed this concept into a
method to calculate an overfill factor, R,, and a renourishment factor, R;. Conceptually, the overfill
factor is the volume of borrow material required to produce a stable unit of usable fill material with
the same grain size characteristics as the native beach sand. The renourishment factor addresses the
higher alongshore transportability of the finer grain sizes in the borrow sands and provides an
estimate of renourishment needs. Use of the renourishment factor is no longer recommended in
beach-fill design calculations; however, details concerning the renourishment factor and it’s
calculation may be obtained from the Shore Protection Manual (1984).

* Recent research and beach nourishment experiences have questioned the continued use of these
grain-size-based factors, R and R, to estimate beach-fill performance (Dean 2000). Present guidance
recommends that design be based on equilibrium beach profile concepts, an assessment of storm-
induced erosion, and an assessment of wave-driven longshore transport losses; and that these
methods be used to replace or complement the overfill and renourishment factor approaches
(National Research Council (NRC) 1995). In practice, these recommended methods treat sediment
characteristics using a single grain size parameter, the median grain diameter. They do not consider
natural variations in grain size that occur on natural and nourished beaches. However, they have the
advantage of incorporating more of the physics of coastal processes into the design, much more so
than use of the overfill and renourishment factors. The overfill factor attempts to consider the
distribution of grain sizes. Therefore, it does provide an additional piece of information on the
amount of borrow material that might be needed to construct a beach nourishment project in more
difficult design cases where the grain size characteristics of the borrow material differ significantly
from those of the native beach material, especially the case where the borrow sediments are finer than
the native sediments. The overfill factor is discussed in more detail in the next section.

* As a general recommendation, a nourishment project should use fill material with a composite
median grain diameter equal to that of the native beach material, and with an overfill factor within
the range of 1.00 to 1.05. This is the optimal level of sediment compatibility. However, obtaining
this level of compatibility is not always possible due to limitations in available borrow sites. Both
the overfill factor and equilibrium beach profile concepts indicate that sediment compatibility is
sensitive to the native composite median grain diameter. As such, the compatibility range varies
depending on the characteristics of the native beach material, with coarse material being less sensitive
to small variations between the native and borrow sediments than fine material. As a rule of thumb,
for native beach material with a composite median grain diameter exceeding 0.2 mm, borrow material
with a composite median diameter within plus or minus 0.02 mm of the native median grain diameter
is considered compatible. For native beach material with composite median diameter between 0.15
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and 0.2 mm, borrow material can be considered compatible if its composite median diameter is within
plus or minus 0.01 mm of the native diameter. For native beach material with a composite median
diameter less than 0.15 mm, use of material at least as coarse as the native beach is recommended.
Even though material is deemed compatible based on these rules, the designer should factor grain-
size differences into estimates of required fill volume through use of equilibrium beach profile
methods, or the overfill factor, or both. Methods for computing beach- fill volumes are discussed
in Part V-4-1-f. These guidelines are based on composite median diameters established for the entire
project and borrow site. Typically, composites for individual profiles, or subsections of the borrow
site, will have variations in median diameter which may exceed the compatibility ranges previously
discussed.

*  Materials that are not compatible according to these guidelines may still be suitable. Borrow material
that is coarser than the native material will produce a beach which is at least as stable as a fill
comprised of native material. Fills with coarser material provide improved resistance to storm-
induced erosion. A lesser volume of coarser fill will be required to create a beach of a given width,
compared to the volume of native beach sand that would be needed. If the median diameter of the
borrow material exceeds the median diameter of the native material by more than 0.02 mm, a
noticeably steeper beach may form. A steeper beach may become a design issue, along with the
different texture of the coarser fill. Use of material finer than the native material should be avoided,
if possible, but such material still may be suitable. A much greater volume of material will be
required to form a beach of a given width, compared to the volume of native sand that would be
required. Use of finer sand will produce a beach with flatter slopes, which could be a design issue
too. For example, it may be problematic to construct a more gentle beach adjacent to an existing
groin or jetty that is intended to block the longshore movement of sand. Sand transport around the
structure and into a navigation channel may increase.

(1) Overfill factor. The overfill factor, R,, is determined by comparing mean sediment diameter and
sorting values of the native beach and borrow sediments (in phi,@, units). The phi, ¢, scale of sediment
diameter is defined and discussed in Part I11-1, and Equations I1I-1-1a and I1I-1-1b enable conversion between
sediment grain size diameter in millimeters and the ¢ scale and vice versa. The overfill factor is computed
using the following relationships between the borrow and native beach material:
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where:
o, = standard deviation or measure of sorting for borrow material (Equation III-1-3)
o,, = standard deviation or measure of sorting for native material (Equation I1I-1-3)
M,, = mean sediment diameter for native material (Equation II1-1-2)
M,, = mean sediment diameter for borrow material (Equation I1I-1-2)
*  Values obtained using the relationships in Equations V-4-3 and V-4-4 are then plotted on the graph
presented in Figure V-4-9. The value of R, can be obtained by interpolating between the values
represented by the isolines. Values of the overfill factor greater than 1.0 indicate that more than one

unit of borrow material will be needed to produce one unit of fill material. Example V-4-1 illustrates
computation of the overfill factor.
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Figure V-4-9. Isolines of the adjusted overfill ratio (R,) for values of ¢ mean difference and ¢ sorting
ratio (Shore Protection Manual 1984)
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EXAMPLE PROBLEM V-4-1
FIND:
The overfill factor, R,

GIVEN:
The native and borrow area phi values are:

native beach:  ¢,s=0.95, ¢,=1.31, ¢05,=1.91, ¢4,=2.66, (pss=2.90
borrow area:  @,=1.42, 0,=1.63, 05,=2.49, 04,=3.08, ©,5=3.55

The median grain diameter for native and borrow material is 0.27 and 0.18 mm, respectively.

SOLUTION:
The mean sediment diameter in phi units is given in Part III-1 as

M,=(¢16+ P50+ Ps4) / 3 (111-1-2)

M, =(1.31+1.91+2.66)/3 =196
My, =(1.63 +2.49+3.08) /3 =2.40

The standard deviation in phi units is given in Part III-1 as

Oy = (@54~ P16) / 4+ (Pos - Pys) / 6 (III-1-3)

Gyn = (266 - 1.31) /4 +(2.90 - 0.95) / 6 = 0.66
G =(3.08 - 1.63) / 4+ (3.55 - 1.42) / 6= 0.72

The sorting ratio from Equation V-4-3 is
Ogp/ Gpn = 0.72/0.66 = 1.09
The phi mean differences ratio from Equation V-4-4 is
M, - M,,) / 6, = (2.40 - 1.96) / 0.66 = 0.67
Entering Figure V-4-9 with x = 0.67 and y = 1.09 results in an overfill ratio (R,) equal to 2.5.
The finer borrow material may be suitable for use, but it is quite incompatible with the native beach sand.

The value of the overfill ratio suggests that 2.5 units of borrow material will be required to create 1.0
unit of stable native beach material.
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*  The overfill method previously described is the Krumbein-James technique (Krumbein and James
1965). Dean (1974) presents an alternative method for computing the overfill factor, not shown,
which generally yields less conservative (lower) estimates of the overfill factor.

f. Beach-fill cross-section design. The design of Federal beach-fill projects is based on the optimization
of net annual benefits defined as the difference between average annual costs and average annual benefits.
This optimization procedure produces a plan known as the National Economic Development (NED) plan.
The NED plan considers the storm damage reduction potential of various beach fill design alternatives and
the averaged annual cost. Primary design parameters of each alternative include the physical dimensions of
the cross-sectional design profile and the volume of sand required to obtain the design profile. Beach-fill
design alternatives typically include combinations of beach berms of varying width and dunes of varying
height (see Part V-4-1-b for a description of the characteristics and functions of beach berms and dunes).
Design berms are characterized by berm crest elevation and berm width. Dune design dimensions include
crest elevation, crest width, and side slopes.

(1) Berm elevation. The elevation of the design berm should generally correspond to the natural berm
crest elevation. If the design berm is lower than the natural one, a ridge will form along the crest, which,
when overtopped by high water will produce flooding and ponding on the berm. A design berm higher than
the natural berm will produce a beach face slope steeper than the natural beach and may result in formation
of scarps that interfere with sea turtle nesting and recreational beach use. Many healthy, natural beaches
exhibit a gentle downward slope from the toe of the dune to the seaward limit of the berm. Therefore, a
gentle berm slope can be specified as an element of the design profile. The berm slope is most appropriately
estimated from profiles that represent a nearby, healthy beach. Or the slope can be estimated to fall in the
range from 1:100 to 1:150. Adding a gentle slope to the berm also helps prevent overtopping and ponding.

(a) The natural berm elevation can be determined by examining beach profile surveys of existing and
historical conditions at the project site. Because beach berms form naturally under low-energy waves, they
are typically most well-developed in form at the end of the summer season. Seasonal profile surveys can be
used to examine temporal changes in berm shape and to identify well developed berm features from which
to estimate the natural berm height. When survey data indicate alongshore variations in the natural berm
height, a representative berm height may be determined either by visual inspection of plots showing the
alongshore variations or by computing an average profile shape. The Beach Morphology Analysis Package
(BMAP) provides automated calculation and visualization tools for performing such analyses. Sommerfeld
et al. (1994) provide an overview of the capabilities and a user’s guide for operation of the BMAP software.

(b) Figure V-4-10 shows an example of seasonal variation in berm shape measured over two consecutive
years at a given profile station. The fall surveys show that the beach berm is widest following the calmer
summer waves, whereas the spring surveys show the berm to be in a more eroded condition following winter
waves. Based on visual inspection of Figure V-4-10, a natural berm height for this profile can be
approximated by the horizontal dotted line, corresponding to an elevation of 3.6 m. Figure V-4-10 shows that
it would be difficult to identify the natural berm height based solely on the first spring survey, and illustrates
the advantage of using multiple surveys for profile characterization.

(¢) Figure V-4-11a shows beach profiles measured during a single fall survey at five different profile
stations along the beach. The berm is seen to vary alongshore in height and width. To determine a
representative berm height, the beach profiles are horizontally aligned on the seaward face of the dune to
superimpose the berm profiles at the base of the dune, as shown in Figure V-4-11b. An average profile is
computed by averaging the elevations of the aligned profiles at 1-m increments in distance offshore.
Figure V-4-11c shows the average profile, from which a representative berm elevation of 3.5 m is obtained
by inspecting the horizontal portion of the profile between the offshore distances of 75 and 100 m.
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Figure V-4-10. Seasonal variation of a beach berm

(d) Incases where no dry beach exists at the project site, or where the existing beach has a deficit of sand
due to substantial reduction or elimination of a critical sediment source, such as in front of a seawall or
downdrift of a shore-perpendicular structure, the natural berm elevation should be estimated using profile data
from adjacent beaches which are healthier in terms of sand availability but are exposed to similar waves and
water levels. Priority should be given to identifying a natural berm elevation using beach measurements from
the project site or a similar site. As a last resort, when no suitable beach profile data are available to
determine a natural berm height, the limit of wave runup under average (nonstorm) wave and tide conditions
at the site can be estimated to establish a design berm height (see Part 11-4-4 for calculation of wave runup
on beaches).

(2) Berm width.

(a) Selection of the design berm width depends on the purpose of the project and is often constrained by
factors such as project economics, environmental issues, or local sponsor preferences. For Federal beach
nourishment projects, the berm width is determined through a process of optimization based on storm damage
reduction. The design beach width is optimized by computing costs and benefits of various design
alternatives and selecting the alternative that maximizes net benefits (USACE 1991). Numerical models of
beach profile change such as Storm-Induced BEAch CHange (Larson and Kraus 1989) provide a means of
evaluating beach response as a function of berm width. Figure V-4-12 illustrates how berm width influences
the landward extent of erosion during a storm. Figure V-4-12a shows four beach profiles with identical dune
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cross sections and varying berm widths. The SBEACH model was used to simulate profile change, and each
profile was subjected to a constant wave height of 3 m, wave period of 10 sec, and water level of 1.5 m msl
over a duration of 24 hr. Figure V-4-12b shows the calculated results for each profile. The profile with no
berm experienced complete erosion and overtopping of the dune. Most of the dune was eroded on the 10-m
berm profile, whereas the 25-m berm profile experienced only minor dune erosion. The 40-m berm provided
full protection against erosion of the dune and backbeach, and some sand was pushed up against the base of
the dune due to overwash across the wide berm. In this example, a shorefront property located immediately
landward of the dune would experience varying degrees of damage and/or vulnerability to future storm
erosion and flooding as a function of the beach berm width.

(b) Factors other than storm erosion that influence beach width include the rate and variability of long-
term shoreline recession, planform spreading losses, and presence of erosional hot spots. These factors
typically do not enter in the optimization of the design berm width for storm damage reduction projects, but
should be accounted for in optimization of the advanced fill section and renourishment interval as discussed
in Part V-4-1-g.

(c) Storm berms may be used in conjunction with a natural berm to provide added protection against
damage during storms. Storm berms are constructed at an elevation higher than the natural berm and are set
back, landward, from the crest of the natural berm. Storm berms are built to reduce the chance for wave
action and erosion from reaching the dune during higher water levels associated with a specified degree of
storm intensity (usually, the type of storm that can be expected once every few years). The crest elevation
of a storm berm should be set based on the water level and runup elevation associated with the type of
storm(s) against which protection is sought. Ifa storm berm is included in the design, the width of the storm
berm can be optimized to maximize net benefits. The seaward extent of the storm berm should also consider
the possibility for undesirable, persistent scarp formation.

(3) Dune dimensions.

(a) Dunes protect upland property against wave attack, erosion, and flooding during extreme storm
events which overtop or severely erode the beach berm. Design parameters of a dune include the crest
elevation, crest width, and side slopes. The design dune crest elevation is typically determined through
economic optimization. The dune crest width may also be optimized but is typically fixed at a selected width
for all design alternatives. In selecting dune crest width and side slopes, constructibility constraints and angle
of repose of the fill material grain size should be considered. A typical dune design may have dimensions
on the order of 5-m crest elevation above msl, 10-m dune crest width and one on five side slopes. Planting
beach grasses on the constructed dune helps to maintain and build dune volume over time by trapping wind-
blown sand.

(b) Toillustrate the influence of dune height on storm-induced beach profile change, the no-berm profile
shown in Figure V-4-12 was modified to increase the dune elevation from 4 to 4.5 m while maintaining the
same crest width and side slopes. The original and modified dune configuration are shown in Figure V-4-13a.
The increase in dune height translates to an added volume of 10 cu m/m for this profile. Figure V-4-13b
shows profile erosion modeled by SBEACH for the same storm conditions used in the previous berm erosion
example. The calculated results in Figure V-4-13b indicate the added dune height prevented dune
overtopping and back-beach erosion for these particular wave and water level conditions.

(4) Design profile shape. The shape of the design profile is needed to compute cross-sectional fill
volume requirements and as input to storm-induced erosion modeling that is done to optimize berm and dune
dimensions. In order to obtain the design dune and berm template on the beach, sufficient sand must be
placed to nourish the entire profile out to the depth of closure (see Figure V-4-14 and Part I11-3-3-b for details
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Figure V-4-13. Example of storm-induced beach erosion as a function of dune crest elevation

on depth of closure). Whereas dune and berm dimensions are determined through optimization, the
shape of the design profile below the beach berm is a function of the local morphology and grain size of
the fill. Local beach morphology often includes a nearshore bar system, which may be absent in erosion-
stressed preproject beaches. In such cases, a berm also might be absent from the profile, or may be
unnaturally low in elevation; or the preproject profile may reflect an overly steep beach face. A key aspect of
defining the design profile shape is to recognize whether or not the preproject beach reflects an unnatural,
sediment-starved condition, in which the preproject shape is different from that which will evolve once
the fill is placed. For example, a severely eroded beach may lack the commonly observed nearshore
bar system, but the bar system will likely form under sediment-rich conditions that follow
nourishment. Consequently, the sectional fill volume should include an estimate of bar volume. In these
situations, design profile shape can be defined by examining nearby beaches that are healthier in terms of
available sediment supply (from the upland beach and from longshore sources). Profile data from adjacent
beaches within the project domain, or data from a nearby site that is exposed to similar wave and
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tide conditions and has similar grain size characteristics, can be used to estimate the healthy beach profile
shape for reaches where in situ profiles might be misleading. Figure V-4-15 shows an eroded profile in front
of an exposed seawall. Translating the existing profile would incorrectly estimate the shape of the nourished
beach and would result in an underestimate of the volume required to obtain the design beach width in front
of the seawall. In Figure V-4-15, the design profile is determined by translating the natural (healthy) profile
shape seaward to obtain the design berm width in front of the seawall. Grain-size differences between the
native beach and the fill material also must be considered in defining the design profile shape. If the median
grain size of the fill is the same as that of the native beach, the design profile shape should be obtained by
translating an average profile shape that represents locally healthy (sediment-rich) beach conditions. For
example, given the same composite median grain sizes, the design profile for a beach with 30 m of added
berm width is determined by translating the existing profile 30 m seaward between the elevation of the berm
crest and the depth of closure, as shown in Figure V-4-14. When applying the profile translation method, the
existing beach shape should be determined based on an average of multiple surveys to account for seasonal
and/or alongshore variability in profile shape and to avoid including anomalous profile features in the design
profile shape.

(a) When fill material is finer or coarser than the native sediment, the design beach profile shape should
be estimated based on equilibrium profile concepts (see Part 111-3-3-¢ for details on equilibrium beach
profiles). According to equilibrium profile theory, coarser sand will produce a steeper design profile whereas
finer sand will produce a profile with a gentler slope as illustrated in Figure V-4-16. Dean (1991) provides
additional discussion of equilibrium beach profile concepts and their application. To estimate the design
profile shape using equilibrium profile concepts, the average profile shape that represents locally healthy
(sediment-rich) beach conditions should first be translated seaward a distance equal to the added berm width
(see Figure V-4-14 and Figure V-4-15). To account for the difference in profile shape due to different
composite sand sizes, the profile is translated an additional distance as a function of depth between the still-
water level and depth of closure, based on differences in the theoretical equilibrium profile shapes as shown
in Figure V-4-17. The added distance of translation ¥, as a function of depth y is given by

i 3/2_ L 32
AF AN

where A, is the A parameter for native sand and A is the A parameter for fill sand (see Table I1I-3-3 for
values of the A parameter for different sand sizes). In Equation V-4-5, when the fill material is finer than
the native sand, W, is positive, which produces a design profile that is gentler in slope than the native
profile. Conversely, for fill that is coarser than the native beach, W, is negative which produces a steeper
design profile. If the representative sediment-rich beach profile includes a bar, some smoothing in the bar
region may be necessary. The BMAP software provides automated methods for estimating the design profile
shape for different native and fill sand sizes based on Equation V-4-5, and for the same sand sizes using the
uniform profile translation technique.

Wadd(y )=y 32 (V-4-5)

(5) Optimization of design profile. Optimization of the design profile involves selecting a range of
design alternatives with different dune and berm dimensions, and evaluating the design alternatives together
with the existing condition to determine the alternative that provides maximum net economic benefits. Storm-
induced beach erosion modeling is the primary engineering analysis performed as part of the optimization
process. Model simulations of profile response to a suite of historical or characteristic storms are performed
for each alternative to assess erosion, flooding, and wave attack damages to shorefront property and
infrastructure.
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(a) Without-project condition.

* The existing or without-project condition is included in the optimization process to determine
baseline damages. Morphologic features of the existing beach, such as dune height, berm width, and
offshore profile shape, typically vary along the project study domain. To accurately estimate storm
erosion response for the existing condition, a set of representative morphologic reaches should be
developed to describe variations in profile shape along the project domain. The BMAP software can
be used to define morphologic reaches by analyzing profiles, grouping similar profiles, and
calculating an average representative profile for each reach.

»  Profile characteristics that should be considered when developing morphologic reaches include dune
height and width, berm width, nearshore and offshore profile slopes, sand grain size, presence of
seawalls or other structures, and proximity to inlets. As part of the economic analysis to evaluate
damages and benefits, the project domain is divided into a series of economic reaches based on value
of property and infrastructure (see Part V-4-1-d). Boundaries of economic domains should also be
considered in morphologic reach delineation to ensure that storm erosion modeling is consistent with
the economic analysis.

(b) Storm selection.

» Evaluation of potential storm damages requires selection of a set of storms representative of future
events that may impact the project area. The set of storms should reflect a range of intensities and
frequencies of events consistent with the historical record. In developing the storm set, tropical and
extratropical events should be treated distinctly because of differences in storm characteristics and
frequencies of occurrence.

*  One approach to storm selection has been to develop a set of storms characterized by peak surge
return period ranging from frequent events (5-year return period or less) to extremely rare events
(100-year return period). Peak surges for selected return periods are obtained from available
stage-frequency information, and representative storm surge hydrographs are developed using
assumed hydrograph shapes and durations. Differences in hydrograph shape between tropical and
extratropical storms should be considered; tropical storms typically have much shorter durations.
The storm surge hydrographs are combined with corresponding wave height and wave period time
histories to fully describe the storms. Using this approach, the frequency of modeled responses are
assumed to correspond to return periods of the input storm surges (e.g., a 50-year storm surge
produces a 50-year erosion response). This assumption simplifies the analysis but is not strictly
accurate because, in addition to peak storm surge, other factors influence the magnitude of erosion
(storm duration, hydrograph shape, and wave characteristics). Inconsistencies may arise with this
approach related to characterizing the storm based on peak surge alone. For example, a 20-year
storm (where frequency is defined solely on maximum surge) may produce more erosion than a
50-year storm, if the 20-year storm has higher waves or a longer duration.

* Analternate and preferred approach is to develop a “training set” of storms by selecting events from
historical records and/or hindcasts. A sufficiently long historical period is identified, such as
20 years for extratropical storms or 100 years for tropical storms. All historical events within the
period exceeding a selected threshold are included in the training set. For example, all events which
have a peak surge exceeding 0.3 m may be considered significant from a storm erosion standpoint
and included in the training set. No return periods are assigned to storms in the training set a priori.
Each storm is modeled for the existing condition and each project alternative to calculate
corresponding erosion responses. Using the training set of storms and modeled responses, life cycle
analyses are performed by employing the Empirical Simulation Technique (EST) to generate
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frequency-of-occurrence relationships, whereby return periods are associated with storm responses
rather than storm input. Scheffner and Borgman (1999) provide detailed guidance in applying the
EST to coastal studies. Advantages of this approach are that it involves no arbitrary assignment of
recurrence relationships and it utilizes historical rather than representative or hypothetical events to
determine frequency-of-occurrence relationships. Part II discusses methods for estimated storm
waves and water levels.

* Because water level is a primary factor controlling beach erosion, tide variations should be
considered when developing the input storm set. Tide variations can be accounted for by combining
storm surges with different tidal phases and ranges. For example, peak storm surges may be aligned
with high tide, low tide, midtide preceding high tide, and midtide preceding low tide to generate four
different but equally probable events derived from each base storm. Variations in tide ranges (neap,
spring, and average) may also be considered in developing a full set of storms.

(¢) Storm erosion modeling.

» Upon selection of design alternatives, characterization of the without-project condition, and selection
of the storm set, storm-induced beach erosion modeling is performed to calculate parameters required
for assessing economic damages based on beach erosion, flooding, and wave attack. The SBEACH
model computes relevant storm response parameters such as recession distance, maximum water level
and wave height at the shoreline, and wave runup. Required input to the model includes beach
profiles describing the design alternatives and without-project condition, time-histories of storm
water level, wave height and wave period, median sand grain size, and calibration parameters.

* Detailed examples and guidance for applying the SBEACH model to predict storm erosion are
provided in the SBEACH technical report series (Larson and Kraus 1989; Larson, Kraus, and Byrnes
1990; Rosati et al. 1993; Wise, Smith, and Larson 1996; and Larson and Kraus 1998).

(d) Storm damage recurrence relationships and risk analysis. Modeled erosion responses are expressed
in terms of frequency of occurrence for input to economic damage models. Typically, tropical and extra-
tropical erosion responses are joined to generate a combined frequency curve spanning the recurrence
intervals of interest. Risk and uncertainty of storm damage parameters can be addressed by developing mean-
value frequency-of-occurrence curves together with confidence bands that indicate the variability or
uncertainty associated with the calculated storm responses.

» The EST and supporting analysis tools can be used to calculate mean-value frequency curves and
confidence bands. Figure V-4-18 shows an example of frequency-of-occurence relationships
generated by the EST technique. The solid line represents the mean or expected value of beach
recession as a function of return period, and the dashed lines show the 90 percent confidence band,
indicating that 90 percent of variability in beach recession for a given return period falls within these
limits.

(6) Cross-sectional fill volume requirements.

(a) A key quantity in beach-fill design is the volume of sand required to produce the desired
beach cross-section. The design profile is determined using methods presented in Part V-4-1-f-(4) and
results from the optimization process outlined in Part V-4-1-f-(5). The berm width is then increased to
reflect the amount of advance nourishment needed to maintain the design profile prior to the first
renourishment. The modified design profile shape, which includes advance nourishment, is then estimated
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Figure V-4-18. Combined tropical and extratropical erosion-frequency curve

by translating the design profile at elevations between the design berm elevation and the depth of closure (see
Figure V-4-14) by an amount equal to the advance nourishment berm width. The sectional fill volume
required for initial construction (volume per unit length of shoreline) is calculated as the difference in cross-
sectional area between the preproject profile and the modified design profile shape. Example V-4-2 illustrates
calculation of sectional fill volume for a case where the preproject profile is in a severely eroded, unnatural,
condition.

(b) Advance nourishment beach width, and design berm width, might not have uniform values from reach
to reach within the project domain. Variations in the desired level of protection, assessment of long-term fill
evolution and renourishment requirements, and consideration of the potential for hot spot formation, will most
likely lead to alongshore differences in desired beach width. Therefore, the required sectional fill volume
also will vary by reach. Volume calculations for the entire project domain are made by summing results on
areach-by-reach basis, where the volume requirement in a particular reach is calculated as the product of the
cross-sectional volume requirement and the length of shoreline in that reach.

(c) Forthe case ofahealthy (sediment-rich), preproject beach profile and a fill material that has a median
grain size equal to that of the native beach sand, the volume V per unit length of shoreline required to produce
a beach width /¥ can be estimated by

Vo= W(B +DC) (V-4-6)
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V-4-40

EXAMPLE PROBLEM V-4-2

FIND:

Volume per unit length of shoreline required to widen the dry beach by 30 m (at the msl datum),
includes both the design berm and advance nourishment. Plot the existing profile and the final design

profile.

GIVEN:
Preproject beach profile is not representative of healthy (sediment-rich) conditions.
Existing condition beach profile (Example Figure A).
Representative design beach profile reflecting healthy (sediment-rich) conditions (Example
Figure B).
Berm height of 1.5 m and depth of closure of 5.5 m.
Native and fill sand median grain size are the same.

Existing Profile

Elevation, m (msl)

| I | I P

Elevation, m (msl)

100 200 300 400

Distance from Baseline, m

(Continued)

Representative
Design Profile

|

|

| P
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EXAMPLE PROBLEM V-4-2 (Continued)
SOLUTION:

Step 1: Compute sediment deficit volume in existing profile.

Align existing and representative design profile at MSL datum. Compute volume difference
between existing and representative design profiles. This volume represents the sediment deficit
between the existing condition and the healthy or sediment-rich condition expected to occur after
nourishment. The elevation at which the existing and design profiles are aligned will influence the
magnitude of the computed profile sediment deficit. In the present example the MSL datum is selected
because here beach width is defined relative to this datum. The sediment deficit in the pre-project profile
can vary significantly along the project reach. The computed pre-project sediment deficit in the beach
profile is 100 m*/m in this example and is illustrated in Example Figure C. The data manipulations and
calculations discussed in this example are automated within the BMAP software (Sommerfeld et al.
1994).

Existing Profile
Design Profile (aligned at datum)

Elevation, m (msl)

Distance from Baseline, m

(Continued)
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EXAMPLE PROBLEM V-4-2 (Concluded))

Step 2: Compute required sectional fill volume.

Translate the aligned design profile (from Step 1) 30 m seaward to obtain the final design
profile. Compute volume difference between the existing and final design profile between the 1.5-m
berm elevation and the 5.5-m depth of closure. This volume represents the total sectional fill volume
required to advance the dry beach 30 meters seaward at the msl datum. The total sectional fill volume
can vary significantly from reach to reach. In the present example, the total sectional fill volume is
298 m’/m and is illustrated in Example Figure D. Approximately one-third of the total sectional volume
was required to offset the sediment deficit associated with the over-steepened erosion-stressed condition
of the existing profile.

Existing Profile
Final Design Profile (translated 30 m seaward)

Elevation, m (msl)

Distance form Baseline, m

where
B = the design berm elevation
D= the depth of closure

Equation V-4-6 is derived by computing the area of the parallelogram formed by translating the existing
profile a distance W as shown in Figure V-4-14. Example V-4-3 illustrates this calculation.
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EXAMPLE PROBLEM V-4-3

FIND:
Sectional fill volume (fill volume per unit length of shoreline) required to widen
the dry beach by 30 m.

GIVEN:
Preproject beach profiles are representative of healthy (sediment-rich) conditions.
Berm height of 2.5 m and depth of closure of 6 m.
Fill material (composite median diameter) same as native beach sand.

SOLUTION:

Equation V-4-6 gives

V=30025+6) = 255m3m

(d) Sectional volume computations in situations when the fill and native sediments differ should be made
by considering differences between the existing profile and the design profile shape as outlined in Part V-4-
1-f-(4) and illustrated in Figure V-4-17. The BMAP software provides capabilities for calculating sectional
fill volume in cases where native and fill sediments differ in median grain size.

(e) Equilibrium profile concepts also can be used directly to make preliminary estimates of required fill
volume, when the native and fill sediments have differing composite median grain sizes. While not
recommended for final fill volume computations, these methods provide valuable insight regarding the
implications of using fill material with different grain size characteristics. Dean (1991) defines three basic
types of nourished profiles. Figure V-4-19 shows an intersecting profile, where the profile after nourishment
intersects the native profile at a depth shallower than the depth of closure; a nonintersecting profile, where
the nourished profile does not intersect the native profile before closure depth; and a submerged profile,
where after equilibrium there is no dry beach. A submerged profile is a special case of a nonintersecting
profile which occurs when insufficient volume is placed to fully develop the underwater equilibrium profile.
Dean (1991) shows that whether a profile is intersecting or nonintersecting is determined by the following
inequality:

AN 3/2 AN 32 )
— + [ — <1, Intersecting profile
(V-4-7)

>1, Nonintersecting profile

»  For fill material different from the native beach sand, cross-sectional volume requirements should
be estimated with consideration given to the differences in profile slope given by equilibrium profile
concepts. Based on theoretical equilibrium beach profile shapes, where 4, and A, are the A
parameters for native and fill sands, respectively (see Table I11-3-3 for values of the A parameter for
different sand sizes), fill sand that is finer than the native material will always produce a
nonintersecting profile according to Equation V-4-7. Fill sand that is coarser than native sand may

Beach Fill Design V-4-43



rtV)
10-2-1100 (Pa
1110-

§r5u|2003

"

TING
EEEEEEE
NNNNNNNNNNNN

1991)
Dean

from

ted

adap

files (

pro

urishment
f no

S O

ic type

basic

Three

-19.

V-4

R e

Figur

ign
ach Fill Desig
Be

-44

V-4



EM 1110-2-1100 (Part V)
31 Jul 2003

produce either an intersecting or a nonintersecting profile. For a nonintersecting profile, the volume

of sand per unit length of shoreline that must be placed before there is any dry beach after
equilibrium is estimated as

/2
Vo= _(—)5 (ANfAF) (V-4-8)

* Ifthe volume placed is less than that given by Equation V-4-8, a submerged profile is produced after
equilibration. Example V-4-4 illustrates volume calculations using Equation V-4-8.

*  For nonintersecting profiles with a dry beach after equilibrium (i.e., volume placed is equal to or

exceeds that in Equation V-4-8) the volume per unit length of beach required to produce a dry beach
of width W may be estimated as

A 3/2
1+w| =L
DC

Example V-4-5 illustrates volume calculations using Equation V-4-9.

3( D)5 5/3
V—WB+§[A—C] Ay - A, (V-4-9)

F

For intersecting profiles, the volume per unit length of beach required to advance the beach a distance W after
equilibriation can be estimated by

3 W5/3AN A,
VowB+ > (V-4-10)

( 4 ;/2 4 ://2) 213

e It is noted that the depth of closure does not enter Equation V-4-10, because by definition, the
nourished profile intersects the native profile landward of the depth of closure (see Figure V-4-19).
Example V-4-6 illustrates volume calculations using Equation V-4-10.

*  Equilibrium profile methods do not account for a sediment deficit in the preproject beach profile,
which is common along erosion-stressed shorelines where beach nourishment projects are typically
considered. The methods also only account for volume below the berm elevation. Volume contained
in the dune must be added to the estimate. These methods are recommended for quick calculations,
and to compliment calculations based on differences between preproject profile shapes and design
profiles. They are not recommended for use in computing final sectional fill volume estimates.

* A third method for computing sectional fill volume when fill and native sediments have different
grain size characteristics is to translate the healthy, sediment-rich, design profile as shown in
Figures V-4-14 and 15, calculate the volume using Equation V-4-6 , and then apply the overfill factor
to the volume determined from profile translation (see Part V-4-1-e-(3i) and Example V-4-1). The
overfill factor would also be applied to any advance renourishment volume. Dune volume must be
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EXAMPLE PROBLEM V-4-4
FIND:

Sectional fill volume that must be placed before any dry beach width is added after equilibrium.
Disregard any volume necessary to makeup for a preproject sediment deficit in the beach profile.
GIVEN:

Berm height of 2.5 m and depth of closure of 6 m. Native sand median grain size of 0.26 mm
and fill sand median grain size of 0.19 mm.

SOLUTION:
Values of the A parameter for native and fill sand are read from Table I1I-3-3.

Ay=0.117m"3, 4,=0.097 m'"?

Profile is nonintersecting because A, <4,, therefore Equation V-4-8 is applicable.

Equation V-4-8 gives

3 6 5/2
A ( ) -(0.117-0.097) = 361 m3/m

5\ 0.097

This illustrates that when filling with sand finer than the native beach material, a significant amount of
sand must be placed before any dry beach width is produced after equilibrium. Note that the sectional
fill volume is 140 percent of the sectional fill volume computed in Example V-4-3, and the present
example will produce no additional dry beach width whereas 30 m of additional dry beach width is
obtained in Example V-4-3.

added. The overfill method can compliment calculations made using the other methods, but it is not
recommended for final fill volume computations.

g.  Evaluating project longevity

The longevity of a beach nourishment project is primarily determined by the degree to which the placed sand
volume addresses any preproject profile volume deficit, and the rate at which fill material is transported out
of the project domain in the alongshore direction, i.e, lateral spreading losses. Wave-driven longshore sand
transport processes are the major cause of lateral spreading. Projects tend to be built in erosional areas where
waves act to move sand out of the project domain, in a long-term, net sense. In addition to the wave climate
and its interaction with the local morphology, there is another important aspect of lateral spreading. The
project itself creates a perturbation in shoreline and beach orientation, particularly where the fill transitions
into the adjacent beaches. At these transitions, local wave transformation patterns and consequently the
longshore sand transport regime are altered, which can lead to high rates of fill loss from the ends of the
project (often called end losses). Coastal structures that exist within the project domain, or are built as part
of the project, also can impede alongshore sand movement and influence the rate of sand loss. Grain size
characteristics of the fill material may be a factor in determining beach-fill longevity. Part III discusses
dependency of longshore sand transport on grain size. However, in practice, the role of grain size is not
usually considered in evaluating lateral spreading losses.

V-4-46 Beach Fill Design



EM 1110-2-1100 (Part V)
31 Jul 2003

EXAMPLE PROBLEM V-4-5
FIND:
Volume per unit length of shoreline required to widen the dry beach by 30 m. Disregard any
volume necessary to makeup for a preproject sediment deficit in the beach profile.

GIVEN:

Berm height of 2.5 m and depth of closure of 6 m. Native sand median grain size of 0.27 mm
and fill sand median grain size of 0.18 mm.

SOLUTION:

Values of the A parameter for native and fill sand are read from Table I11-3-3.
Ay=0.119 m"?, 4,=0.094 m"?

Profile is nonintersecting because A <A, therefore Equation V-4-9 is applicable.

Equation V-4-9 gives

3 6 | 0.094)32["”
V =302.5 + 2| —2—| -] 0.119:1 + 30| =222 ~0.094 | = 796 m3¥m
51 0.094 6

By comparing with Example V-4-3, it is seen that using the finer material specified in this example
requires 3.1 times the volume required using compatible material to generate the same equilibrium beach
width. This example illustrates that much higher fill volumes are required when using finer-than-native
sand to obtain a given beach width, which is consistent with sand compatibility calculations performed
using the overfill ratio (see Example V-4-1).

Although alongshore spreading of fill material represents a loss to the project area, this material is in most
cases transported to adjacent beaches. Nearby beaches, particularly those downdrift of the project, realize
protective benefits from the neighboring project. Over the life of a beach nourishment project, adjacent beach
benefits can be quite significant. If the project is built adjacent to an inlet with navigation channels, the
impact of the nourishment project on channel operation and maintenance should be assessed.

(1) Periodic renourishment. Beginning immediately after construction, fill material will be lost from the
project due to lateral spreading. Periodic renourishment will be required to maintain the desired beach cross
section. It should be recognized by the designer that year-to-year loss rates can deviate from the long-term
average erosion rates. In addition to end effects at transitions, losses are significantly influenced by the
occurrence of major storms. Annual losses will likely vary from year to year because of the dependency on
storm activity. Therefore, while an average renourishment interval and quantity can be estimated, the actual
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EXAMPLE PROBLEM V-4-6

FIND:

Volume per unit length of shoreline required to widen the dry beach by 30 m. Disregard any
volume necessary to makeup for a preproject sediment deficit in the beach profile.
GIVEN:

Berm height of 2.5 m and depth of closure of 6 m. Native sand median grain size of 0.27 mm
and fill sand median grain size of 0.36 mm.
SOLUTION:
Values of the A parameter for native and fill sand are read from Table I1I-3-3.

Ay=0.119m", A, =0.137m"?
Determine whether profile is intersecting or nonintersecting.

Equation V-4-7 gives

6 0.137

3/2 3/2
30.(0.119) +(0.119) 0893 <1

therefore, the profile is intersecting and Equation V-4-10 is applicable.

Equation V-4-10 gives

3.3053.0.119-0.137

v =30-2.5 + 2> - 137 m¥m
(0.137%2 - 0.11932)%3

By comparing with Example V-4-3, it is seen that using the coarser fill material specified in this example
requires approximately 45 percent less volume than that required using compatible material, to generate
the same equilibrium beach width.

required interval/quantity will vary depending on the climatic conditions that occur. Ideally, the need for
renourishment will be determined by monitoring performance of the fill. Some level of renourishment, or
maintenance such as redistribution of sand within the project domain, is needed when the project design cross
section is no longer in place. In this situation, the desired level of protection is compromised. However, the
schedule for periodic renourishment may be more fixed, in the sense that budgeting for it may have been set
at the outset of the project. If renourishment is needed before the scheduled time, it can be handled as an
emergency maintenance action (see Part V-4-1-m). Should permanent changes to the periodic renourishment
cycle (volume and/or frequency) be necessary, a reformulation of the project may be needed. Having an
adequate project monitoring plan in place is very important. Monitoring data are particularly valuable if the
project does not perform as designed. The data can be analyzed to evaluate the nature of the conditions that
prompted the need for unexpected renourishment and assess their frequency of occurrence. Analysis of the
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monitoring data also can shed light on a design deficiency. Monitoring and analysis of data are discussed in
more detail in Part V-4-1-1.

(2) Advance nourishment. Advanced nourishment is the volume of sand that is placed for “sacrificial”
purposes during initial construction to maintain the design fill section during the initial renourishment interval
(i.e., the time from project completion to the first scheduled renourishment). The magnitude of the advance
nourishment should be determined based on results from work done to assess lateral spreading losses and
volumetric losses due to long-term shoreline recession, i.e., the historic or background erosion rate. The
postproject shoreline erosion rate will be greater than the preproject historic or background erosion rate in
those cases where the preproject beach featured a sediment deficit or was otherwise sediment starved. For
example, project reaches that feature an armored shoreline may historically exhibit little or no erosion, but
can exhibit significant background erosion when replenished with sand fill. Advanced nourishment quantities
are included in the initial total construction volume.

(3) Fill parameters affecting lateral spreading. Both simple and detailed methods are available for
estimating the rate of alongshore spreading, and identifying renourishment requirements (both volume and
interval). Simple methods treat the incident wave climate in a more approximate manner, through use of a
representative wave height and neglecting wave direction. They consider the background erosion rate as an
input parameter, and they assume the erosion rate is uniform over the project domain. Simple methods are
generally most applicable to cases that do not involve coastal structures. On the other hand, detailed methods
treat the effects of coastal structures and wave climate more rigorously. They address the issue of alongshore
variation in wave conditions that produce the background erosion rates, as well as alongshore variations in
erosion rates within the project bounds. Detailed methods treat the directionality of the wave climate.
Dominant wave directions become important for projects constructed in the vicinity of engineered structures,
littoral barriers, or sediment sinks, such as inlets. Detailed methods consider the actual planform layout of
the shoreline and structures, whereas simple methods represent them in an idealized manner. In this section,
analytical solutions to the one-line theory of shoreline evolution are examined to reveal the importance of the
following beach nourishment design parameters on lateral spreading losses: length of the nourishment project,
incident wave climate, and ambient background erosion. The analytical approach is extremely useful in
preliminary design and to gain an understanding of the relative importance of these parameters. Detailed
methods are also presented later, which rely on the use of numerical models to evaluate project longevity.

(a) Effect of fill length.

» In this section, the effect of beach-fill length (the alongshore extent of the fill) on project longevity
will be examined. The influence of length is best illustrated by considering the most simple case of
an initially rectangular beach fill constructed on a long straight beach with no background erosion.
This situation was first introduced in Part I1I-2 of this manual where the linearized equation of
longshore sediment transport was combined with the equation of continuity to develop the one-line
theory of shoreline evolution (see Equations I11-2-25 and I1I-2-26). A number of analytical solutions
to this equation were presented. In this section, Equations I1I-2-31 and III-2-32 will be examined
further to extract additional information pertinent to beach nourishment design. Upon close
examination of Equation I11-2-31 it is seen that the important parameter is

a

2\/et

(V-4-11)

where a is one-half the length of the rectangular project, ¢ is the “shoreline diffusivity” parameter defined in
Equation I1I-2-26, and ¢ is time. Here it is seen that if the quantity in Equation V-4-11 is the same for two
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different projects their planform evolution would be the same. However, if two projects were exposed to the
same wave climate but had different alongshore lengths, then the project with the greatest length would be
predicted to last longer (with all other factors being the same). In fact, according to Equation I11-2-32 the
longevity of a project varies as the square of its length. If more than 50 percent of the placed beach-fill
volume remains within the placement area (0.5<p(t)<1.0), Equation III-2-32 can be approximated using the
following relationship (with an accuracy of +15 percent).

p® =1 - et (V-4-12)

ayn

* Example Problem V-4-7 illustrates the importance of project length on project longevity. In this
example, a fill with twice the length will last four times as long. The effect of project length on fill
longevity is critical for short fills. It is also important in long fills which may be built in stages. For
example, construction may be limited to a particular season to avoid turtle nesting season or the
tourist season. Therefore it may take 2 or 3 years to complete the work. Projects built in stages will
temporarily perform as short fills until the other portions of the project are completed. Actual loss
rates from the constructed subreaches will likely exceed losses predicted for the completed as
designed project. Any short-term accelerated losses due to construction of the project in stages
should be factored into the advance nourishment quantity.

(b) Effect of wave environment.

e The rate of alongshore spreading losses is also a function of the incident wave climate. In
Equation III-2-26 it is seen that the shoreline diffusivity term (g) varies inversely with the breaking
wave height raised to the 5/2 power. Dean and Yoo (1992) present a method for calculating a
representative wave height and period based on assumptions of Rayleigh-distributed wave height,
shallow-water linear-wave theory, simplified and linearized wave refraction and shoaling relations,
and a constant proportionality between breaking wave height and corresponding water depth. Use
of an effective wave height is recommended in the calculation of the shoreline diffusivity term (g).
Dean and Yoo (1992) defined the effective wave as one that produces the same spreading of the
beach nourishment material as the actual time-varying wave conditions (expressed as pairs of height
and period). They provided the following equation to calculat